In mixtures of 1 volume of buffer and 2 volumes of 2-chloroethanol, the icosahedral bacterio phage fr is split into RNA and monomeric protein subunits. After removal of the RNA and after replacement of the organic solvent by water, viruslike particles can be obtained by dialysis of the protein against neutral buffers of high ionic strength, whereas m ultishell particles are formed in buffers of low ionic strength. All results achieved by the use of 2-chloroethanol are very similar to those obtained using acetic acid.
A num ber of methods is known for the splitting and subsequent reaggregation of the rodlike tobacco mosaic virus (T M V )1. Reversible depolymerisation of icosahedral viruses has been more difficult to achieve. The reason for this seems to be that the protein shell of most icosahedral viruses is very stable. Thus splitting of the shell norm ally leads to severe denaturation of the protein, adding to the problem of reassembly the problem of renaturation 2. Therefore, up to now, satisfying results con cerning the reversible depolymerisation of spherical viruses have been obtained only by two methods; for small RNA bacteriophages3-5 by F r a e n k e l -C o n r a t 's acetic acid method 6 and for a group of closely related, small plant v iru ses7' 8 by exposing them to high salt concentrations. It is obvious that the addition of further methods would be advan tageous because it would offer further possibilities for the study of the physico-chemical principles of virus structure and of protein-protein and proteinnucleic acid interactions. We have tried to achieve this aim using bacteriophage fr, the first spherical virus for which self-assembly of protein subunits in the absence of nucleic acid was shown 5. It turned out that with this virus reversible depolymerisation of the protein coat using 2-chloroethanol can be perform ed as effectively as by the use of acetic acid. 
M aterials and M ethods

R e ve rsib le d e p o ly m e risa tio n of the p ro te in sh ell
The method used is analogous to the acetic acid method 6> 2 and similar to the procedure described by C h i e n et al. 9 for tobacco mosaic virus. In an ice bath, 2 volumes of 2-chloroethanol (Merck, Darmstadt) were added to one volume of 0.15 M NaCl, 0.02 M Tris-HCl, pH 7.2, containing 10 -25 mg fr (grown and purified as described before2) . After 60 min the virus RNA had precipitated and was removed by centrifugation (30 min at 3000 rpm in a Stock centrifuge). The super natant was then diluted with an equal volume of H20, and the solution was dialyzed extensively against H20. Afterwards, 0.02 M NaOH was added until the pH of the solution was between 7.0 and 7.5. The final step of the procedure was dialysis of the sample against buf fers of varying ionic strength in the neutral pH range. All centrifugations and dialyses were carried out at 4 °C. -Essentially the same results were obtained if, after centrifugation, the buffer-2-chloroethanol mixture was dialysed first against 33% acetic acid and then against H20, or if the mixture was dialysed against H20 , without preceding dilution with H20.
U ltra c en trifu g a tio n
Ultracentrifugation was performed in a Spinco model E analytical ultracentrifuge equipped with mono chromator, photoelectric scanning system and multi plexer accessory. An An-F rotor was used for the measurements. Rotor temperature was between 18 and 22 °C; during runs it was kept constant within + 0.2 °C. The monochromator was set to wavelengths between 280 and 300 mß, depending on protein concentration. RNA impurities in the mixture can be calculated to be around 0.1% of the protein w eight2. About 70% of the protein are found in the supernatant. At pro tein concentrations of 2.0 mg/ml, measurements in the ultracentrifuge using the sedimentation equili brium method yielded an apparent molecular weight A/app = 13 200. Though uncertainties arise from missing knowledge of the correct value for the par tial specific volume and of the influence of non idealities of the solution, it is unlikely that the true value for the molecular weight differs from this value by more than i 10 per cent. Thus, the mole cular weight of the protein in the buffer-2-chIoroethanol mixture agrees well with the molecular weight of the protein subunit, as determined by che mical analysis 13. The absence of intact virus shells or of other high molecular weight aggregates in the mixture was also demonstrated by electron m icro scopy.
These results clearly show that the effect of 2 -chloroethanol on fr virus and fr coat protein is very similar to the effect of acetic acid. Especially, the reagent can be as effectively used as acetic acid to prepare monomeric protein subunits practically free of nucleic acid in a high yield.
Final products of the aggregation process
Not only the first step of the process under in vestigation leads to results sim ilar to those obtained by the acetic acid method, but also the last step which is dialysis of the protein dissolved in very dilute NaOH against nearly neutral buffers. De pending on the ionic strength of the buffers, two types of aggregates could be observed, in agreement with the results described for protein prepared by the acetic acid method 12,14.
a)
Aggregation at high ionic strength: Aggregates which were obtained after dialysis of the protein against 1.0 m NaCl, 0.02 M phosphate buf fer, pH 7.6, and which are representative for those obtained after dialysis against various buffers with ionic strengths between 0.5 and 2.0 and pH values between 7.0 and 8.5 are shown in fig. 1 *. These p ar ticles are spherical in shape and sim ilar to virus particles; their diameter is, within the limits of er-ror, equal to that of fr virus. As can best be seen from electron micrographs obtained after negative staining with 2% (w/v) phosphotungstic acid ( fig.  2 ) , the particles do not contain a compact protein core but are empty shells, corresponding to those aggregates which can be prepared from virus par ticles by degradation of the nucleic acid. The yield of the reaggregation process is very high: for freshly prepared protein and protein concentrations between 1.0 and 2.0 mg/ml 60 -90% of the protein is found in the high molecular weight aggregates. This is well demonstrated by fig. 3 , which shows the sedimentation behaviour of the samples. Fig. 3 also shows that stable intermediates with 5-values be tween that of the virus-like particles and that of the low molecular weight fraction (probably monomer) do not occur under these conditions. The sedimen tation coefficient s°2o,w of the virus-like particles was determined to be 55.5 + 1.5.
b) Aggregation at low ionic strength: As for protein prepared by the use of acetic acid 12,14, at protein concentrations c > 0.5 mg/ml multishell particles are characteristic for aggrega tion in buffers of low ionic strength. These par ticles ( fig. 4) consist of a nucleus formed by a virus like protein shell, and of additional protein layers which surround this nucleus. The thickness of the additional layers is approximately 40 Ä. A detailed description of the properties of the multishell par ticles was given recently 12.
On some electronmicrographs, particles were found which are somewhat different from normal multishell particles (see arrow in fig. 4 ). These par ticles which were not observed with protein prepared by the acetic acid method seem to correspond to the lam inar aggregates described for protein from cowpea chlorotic mottle virus 8.
Apart from the laminar aggregates which consti tute only a minor fraction of the products of the reaggregation process, it is obvious that reaggrega tion of protein subunits prepared by the use of 2-chloroethanol leads to particles which are identical or at least very similar to those obtained by the acetic acid method. The yield of the reaggregation process and the purity of the protein are also simi lar in both cases. Thus, splitting the virus by 2-chloroethanol turns out to be a method as suitable for the preparation of fr protein subunits capable of self-assembly as splitting by acetic acid.
Discussion
The experiments described above obviously add another proof to the theory that self-assembly is pos sible for the protein shell of spherical viruses15. Furthermore, they demonstrate that the choice of methods which can be used to achieve self-assembly is not as limited as had been assumed earlier.
The depolymerizing effect of 2-chloroethanol on the fr protein coat may come about through several processes. It was shown that the effect of acetic acid on the same object is mainly caused by the pro perties of the reagent as an organic solvent, espe cially by its capability to break hydrophobic bonds, and not by its properties as an acid2. This inter pretation should be valid also for the effect of 2-chloroethanol. However, since both solvents which can be used for reversible depolymerisation of the fr protein coat are protic, the experiments do not rule out the possibility that for depolymerisation weakening of hydrophobic bonds by the presence of hydrocarbonic groups has to be supported by charge effects produced by low pH 16.
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